Objective: To examine factors, in addition to bone mineral density (BMD), such as the common calcium-sensing receptor (CASR) gene polymorphisms, associated with vertebral fracture (VFx) risk in primary hyperparathyroidism (PHPT). Design and methods: A cross-sectional analysis of 266 Caucasian PHPT seen as outpatients. Serum calcium (sCa) phosphate metabolism parameters were measured. BMD was assessed by dual-energy X-ray absorptiometry (expressed as Z-score) at lumbar spine (Z-LS) and femoral neck, morphometric VFx by radiograph, and CASR A986S/R990G genotypes by PCR amplification and genomic DNA sequencing. Results: Fractured patients (nZ100, 37.6%) had lower sCa (10.8G0.7 mg/dl) and Z-LS BMD (K1.0G1.44), higher age (61G10 years), and prevalence (51%) of R1 S alleles of the CASR A986S single-nucleotide polymorphism (SNP; AS/SS), than those not fractured (nZ166, 11.2G1.0 mg/dl, K0.57G0.97, 58G13 years, and 38% AS/SS, respectively, P!0.05 for all comparisons). Logistic regression, with VFx as dependent variable, showed independent risks associated with increased age (OR 1.03, 95% CI 1.01-1.06, PZ0.006), decreased sCa (OR 1.86, 95% CI 1.28-2.7, PZ0.001), and Z-LS BMD (OR 1.4, 95% CI 1.12-1.7, PZ0.002) and presence of AS/SS (OR 1.8, 95% CI 1.1-2.9, PZ0.05). The presence of two out of three factors (age R58 years, sCa !10.8 and Z-LS BMD%K1.0, and AS/SS genotype) gave an overall OR of 4.2 (95% CI 2.25-7.85, P!0.0001). Conclusions: In PHPT, VFx is associated positively with age, negatively with sCa and spinal BMD, and presence of at least one copy of the CASR A986S SNP.
Introduction
Primary hyperparathyroidism (PHPT) is a frequent disease with a prevalence of 2-3% in postmenopausal women (1, 2) . In PHPT patients, bone mineral density (BMD) is decreased and the risk of fractures increased (3, 4, 5, 6) .
Although in PHPT the cortical bone is preferentially involved, an increased rate of vertebral fractures has been reported, which is partially independent of BMD (7, 8, 9) . Indeed, in PHPT patients, BMD does not reliably mirror the increased risk of fractures (8, 9) , and a deterioration of bone quality (trabecular number, thickness, and connectivity) has been suggested to play a role (10, 11, 12, 13) . To date, no studies have evaluated the additional possible risk factors for VFx besides BMD in PHPT (14) .
The calcium-sensing receptor (CASR) is a G proteincoupled cell-surface glycoprotein expressed in parathyroid gland and renal tubular cells (15) and regulates the relationship between serum calcium (sCa) and parathyroid hormone (PTH) levels. The crucial role of CASR in blood calcium homeostasis is demonstrated by the fact that its inactivating and activating mutations cause familial hypocalciuric hypercalcemia and autosomal dominant hypocalcemia respectively (16) . Three common single-nucleotide polymorphisms (SNPs) in exon 7 of the CASR gene (A986S, R990G, and Q1011E) have been described (17) . The R990G polymorphism has been found to be associated with urinary calcium excretion in a population of Caucasian hypercalciuric stone formers (18) and in PHPT patients with renal stones (19, 20) . The A986S variant has been found to be associated with sCa concentrations in normal Caucasian populations (21, 22, 23) , and to be more prevalent in PHPT, and associated with reduced risk of renal stones (23) .
Although patients with CASR-inactivating mutations do not show a clear bone disease (24, 25) , in the setting of PHPT, the CASR polymorphisms might be important for skeletal health. Indeed, elevated sCa levels seem to have CASR-mediated direct effects on osteoblasts, on the one hand, promoting their differentiation and activity, and on osteoclasts, on the other, inducing inhibition of osteoclastogenesis and bone resorption (26, 27) .
The potential role of the CASR polymorphism in the determination of the fracture risk in PHPT patients has been incompletely investigated, particularly in relationship with other possible risk factors for fractures. Therefore, in this study, we evaluated the possible role of biochemical and clinical parameters together with the CASR A986S and R990G polymorphisms in identifying PHPT patients at increased risk for VFx.
Patients and methods

Patients
Among 335 Caucasian subjects with PHPT, referred by their general practitioners to our tertiary care outpatient Clinics for Metabolic Bone Diseases between January 2003 and December 2007, 266 patients (189 postmenopausal females, 40 premenopausal females, and 37 eugonadal males) were consecutively enrolled. The general practitioners in our area usually refer to our tertiary care outpatient Clinics for Metabolic Bone Diseases all patients with a convincing suspect of PHPT, regardless of a possible surgical indication.
PHPT was diagnosed by the presence of hypercalcemia and elevated or inappropriately normal PTH levels, after the exclusion of familial hypocalciuric hypercalcemia by the evaluation of the calcium clearance/creatinine clearance ratio (cutoff !0.01 mg/dl) in the presence of normal renal function (creatinine clearance estimated by Cockcroft-Gault equation O60 ml/min) (14) . In patients with borderline sCa levels (i.e. between 10 and 10.4 mg/dl, 2.5 and 2.6 mmol/l), ionized calcium was assessed to confirm the diagnosis of PHPT. Only patients with ionized calcium levels higher than 1.33 mmol/l (normal values 1.13-1.32 mmol/l) were included in the study.
Sixty-nine patients were excluded on the basis of the following criteria: i) past or current history of hypogonadism, such as in males, testosterone levels !3.0 ng/ml (one patient) and in females, menopause before 45 years (three patients) and of diseases known to affect bone metabolism, such as thyrotoxicosis (two patients), gastrointestinal disorders (three patients), chronic renal failure (three patients), chronic hepatic disease (three patients), depression (four patients), alcoholism (one patient), eating disorders (two patients), and rheumatological or hematological diseases (four and two patients respectively); ii) administration of drugs influencing bone metabolism or serum PTH and calcium levels, i.e. bisphosphonates (34 patients); and iii) history of a previous potentially high-energy VFx (nine patients). Patients with multiple endocrine neoplasia types 1 and 2-related PHPT were not included in the study (28) .
All subjects gave their witnessed informed consent before entering the study, which was approved by Local Ethics Committees and in accordance with Helsinki Declaration II.
Methods
Serum and urine samples were collected and stored at K80 8C until assayed. In all subjects, the following was measured: sCa, phosphorus, creatinine, alkaline phosphatase total activity (ALP), intact PTH, 25-hydroxyvitamin D, and total testosterone (in males). Total calcium was corrected for serum albumin according to the formula: total calciumC(4.0Kalbumin (mg/dl))!0.8 (reference interval: 8.4-10.4 g/dl and 2.1-2.6 mmol/l) (29) . Calcium and creatinine were measured in 24-h urine collections and calcium clearance/creatinine clearance ratio was calculated. sCa, phosphorus, albumin and creatinine, and urine calcium and creatinine were measured by standard colorimetric techniques. Serum intact PTH was measured by a chemiluminescent method (Nichols Institute Diagnostic, San Juan Capistrano, CA, USA) with intraassay coefficient of variation (CV) and interassay CV being 5.1 and 8.2% respectively. Serum 25-hydroxyvitamin D concentration was measured by chemiluminescent immunoassay (reference interval: 30-100 ng/ml and 75-250 nmol/l). Serum ALP was measured by standard colorimetric techniques (reference interval: female, 35-104 U/l and male, 40-129 U/l).
In all patients, BMD was measured by dual-energy X-ray absorptiometry (Hologic Discovery, Software version 13.3:3, Bedford, MA, USA) and expressed as T-score or Z-score, at lumbar (L1-L4) spine (T-LS or Z-LS, respectively, in vivo precision of 1.0%), femoral neck (T-FN or Z-FN, respectively, in vivo precision of 1.8%), and total femur (T-FT or Z-FT, respectively, in vivo precision of 1.7%).
A conventional spinal radiograph in lateral and anteroposterior projection (T4-L4) was obtained in all subjects. Two physicians, blinded to the BMD and biochemical data, independently reviewed the radiographs; any questionable cases were discussed to reach an agreed diagnosis. VFxs were diagnosed on visual inspection using the semi-quantitative visual assessment (SQ) described by Genant et al. (30) . All patients were screened for renal stones by abdominal ultrasound.
Genomic DNA was extracted from peripheral white blood cells using standard techniques. A 282-bp fragment of CASR exon 7 was amplified as described (21) , and the CASR A986S and R990G genotypes were determined by direct sequencing. Patients heterozygous or homozygous for the 986S allele (ASCSS group) and heterozygous or homozygous for the 990G allele (RGCGG group) were considered together due to the low frequency of the homozygous variants. The receiver operating characteristic (ROC) curve analysis was performed to assess the cutoff values for the variables found to be independently associated with the presence of VFx. On the basis of the obtained cutoffs, the diagnostic accuracy (sensitivity (SN), specificity (SP), and overall accuracy) of these variables (taken singularly and in combination) for detecting VFx was assessed. Finally, the logistic regression analysis was again used to test association between the presence of VFx and the combination of variables with the best diagnostic accuracy for predicting VFx after adjusting for possible confounding factors. P values of !0.05 were considered statistically significant.
Statistical analysis
Results
The VFx prevalence in this Italian PHPT population was 37.6%. The biochemical and clinical characteristics of all patients and of those with (VFxC) and without VFx (VFxK) are given in Table 1 . Compared with VFxK patients, VFxC patients were older and had lower calcium T-LS, Z-LS, T-FN, and T-FT BMD levels and higher prevalence of the CASR 986S alleles, while all other parameters were comparable. In particular, the prevalence of CASR R990G was not different between patients with and without VFx. Two patients showed inappropriately normal PTH levels (41 pg/dl). In both cases, calcium levels were above 11.5 mg/dl, with calcium clearance/creatinine clearance ratio O0.02 and 24-h urinary calcium O250 mg/day.
The number of VFx was not associated with any biochemical parameter. In VFxC patients, the proportions of postmenopausal females (40.2%) and of males (43.2%) was higher than that of premenopausal females (20%, PZ0.05 for both comparisons). Apart from the prevalence of VFx, the biochemical and clinical characteristics of the AS/SS group were comparable to those of the AA group (Table 2) .
Logistic regression analysis showed that increasing age, Z-LS BMD, and the presence of at least one 986S allele were independently associated with the presence of VFx, while female gender and BMI were not. sCa levels were inversely associated with VFx (Table 3) .
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The ROC analysis, performed to assess the best threshold values of age, calcium, and Z-LS BMD, for predicting VFx, showed that age, calcium, and Z-LS BMD, taken singly, have a poor accuracy for predicting VFx (area under the curve: 0.57, 0.62, and 0.58, respectively; PZ0.05, PZ0.001, and PZ0.028 respectively). The cutoffs with the best compromise between SN and SP were set at 58 years of age, 10.8 mg/dl (2.7 mmol/l) for sCa and K1.0 for Z-LS BMD.
The SN, SP, and overall accuracy for predicting VFx of age R58 years, calcium !10.8 mg/dl (2.7 mmol/l), and Z-LS BMD levels %K1.0 and of the presence of R1 (criterion 1), R2 (criterion 2), or all 3 of these factors (criterion 3) are given in Table 4 . The presence of at least one factor or the simultaneous presence of these three factors (criterion 1 and criterion 3 respectively) showed the best SN (92%, eight false negatives out of the 100 VFxC patients) and SP (92.8%, 12 false positives out of 166 VFxK patients), respectively, for detecting PHPT patients with VFx.
Among patients with 0, 1, orR2 factors among age R58 years, calcium !10.8 mg/dl (2.7 mmol/l) and Z-LS BMD levels %K1.0, the prevalence of patients with VFx was 7, 31, and 62%, respectively, as shown in Fig. 1 . The presence of R2 factors and the AS/SS genotypes was associated with the presence of VFx (OR 4.2, 95% CI 2.25-7.85, P!0.0001), regardless of BMI (OR 1.02, 95% CI 0.97-1.08, PZ0.349) and female gender (OR 1.88, 95% CI 0.91-3.84, PZ0.1).
Given the small number of male patients and the possible influence of gender on BMD, we repeated the analyses after excluding male patients and the results were substantially confirmed (data not shown).
Discussion
The study is the first to investigate a set of disease-related clinical, biochemical, and genetic factors associated with VFx in a large cohort of PHPT patients. The VFx prevalence in this study (38%) is in keeping with those reported in previous studies (9, 11, 12) . Our data show that these VFx are associated directly with age and inversely with spinal 
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171:3BMD and sCa levels. In addition, the CASR 986S genotype is more frequent in patients with VFx. In our VFx-positive patients, femoral BMD tended to be lower than in VFx-negative patients, but the difference did not reach statistical significance. In contrast, the finding that sCa levels were lower in VFx-positive patients is novel and unexpected. A possible explanation is that PHPT patients with mildly elevated sCa levels (i.e. !10.8 mg/dl and 2.7 mmol/l) may have been definitively diagnosed as such only after several years of observation, so that the disease duration has, in fact, been longer than in those patients with more clear-cut elevations of sCa levels, which would have been diagnosed earlier. In keeping with this notion, data from another cohort of PHPT patient revealed an increased fracture risk as early as 10 years before the diagnosis of PHPT had been made (6) . This may be due to the fact that the diagnosis of secondary osteoporosis can be challenging and, in particular, the diagnosis of PHPT may be concealed by other factors, such as concomitant hypovitaminosis D (31) . The patients included in this study had been referred to our tertiary care centers by general practitioners, and the diagnosis of PHPT may depend on the individual clinical picture. Moreover, a further possible explanation for the finding of lower calcium levels in PHPT patients with VFxs is that the occurrence of a VFx might have led to a diagnostic work-up that otherwise would not have been performed. It is possible, indeed, that the diagnosis of PHPT may have been done thanks to the biochemical examinations following the radiological evidence of a VFx.
The findings of this study may be of clinical relevance. Indeed, the combination of factors (age R58 years, calcium !10.8 mg/dl and 2.7 mmol/l, spinal BMD Z-score %K1.0) may be useful for deciding who should be more aggressively screened for VFx. In the absence of any of these factors, the likelihood of being VFx-positive is low (SN, 92%), while in the presence of all these factors the likelihood is high (SP, 93%). Another finding of interest is the association of CASR 986S genotype with VFx regardless of age, gender, BMD, or sCa. In patients with the AS/SS genotypes plus at least two out of the three above-mentioned factors (age, sCa, and spinal BMD) the risk of VFx is increased 4.7-fold. Whether this may be a useful clinical tool for identifying PHPT patients at risk for fracture deserves further study.
Association with the CASR A986S SNP is novel with its potential for modulating the bone disease in PHPT. Indeed, elevated sCa levels have been suggested to have CASR-mediated direct effects on osteoblasts, promoting their differentiation and activity, and on osteoclasts inducing inhibition of osteoclastogenesis and of bone resorption (26, 27) . In PHPT, bone apposition and resorption are both increased, but uncoupled, with a net negative calcium balance (8) . In this setting, the reduction of the SN to calcium levels may increase this uncoupling. Indeed, it is possible that in PHPT patients with the AS/SS genotypes, the reduced SN to extracellular calcium levels results in a sub-clinical impairment of osteoblast function and enhances osteoclastic activity, resulting in a further increase in uncoupling of bone apposition and resorption (32) . This could lead to a reduction in bone quality (11, 12) , and thereby explain the increased VFx prevalence, independent of BMD, in AS/SS-genotype PHPT subjects.
These findings should be interpreted with caution. First, the cross-sectional design of the study cannot reveal causality but only association between variables. In addition, the sample size, though relatively large, did not allow us to develop the algorithm for detecting patients at risk for fracture on one half of the data sample and to test it on the other half. Second, the difference in the prevalence of the CASR AS or SS genotypes found between fractured (51%) and non-fractured (38%) patients was at the limit of statistical significance (PZ0.05). Third, patients with CASR inactivating mutations (i.e. familial hypocalciuric hypercalcemia) are not at any higher risk of overt bone loss (24, 25) . Finally, a genome-wide association study, aimed at identifying new candidate genes for osteoporosis, did not uncover a significant association between bone strength phenotype and CASR (33) . On the other hand, the differences between this study and others could be explained, at least in part, by considering that in our study, patients with frankly elevated serum PTH levels were included, representing a very different population as compared with other groups. Unfortunately, for budget restrictions we could only assess the A986S and R990G SNPs and not Q1011E Q1011E or the rs7652589 and rs1501899 SNPs sited in the noncoding regulatory region of the of the CASR gene. This is a possible limit of the study. Indeed, even if previous studies suggested that the A986S and R990G in particular are potentially involved in the pathogenesis of bone alteration in PHPT, it is not possible to exclude that the assessment of the Q1011E or the rs7652589 and rs1501899 SNPs could have given additional information (19, 20) . In summary, this study shows that in PHPT patients: i) the presence of VFx is associated directly with age and inversely with sCa levels and spinal BMD and with the presence of the CASR 986S genotype; ii) the simultaneous presence of the factors, age, sCa level, and Z-score BMD at the spine is associated with greater likelihood of VFx; and iii) in patients with the CASR 986S genotype plus at least two out of the three above-mentioned factors, the possibility of a VFx is increased by more than fourfold.
Declaration of interest
The authors declare that there is no conflict of interest that could be perceived as prejudicing the impartiality of the research reported.
Funding
This research did not receive any specific grant from any funding agency in the public, commercial or not-for-profit sector.
